We have demonstrated single-mode lasing in a single gallium nitride nanowire using distributed feedback by external coupling to a dielectric grating. By adjusting the nanowire grating alignment we achieved a mode suppression ratio of 17dB.
Introduction
There are an increasing number of applications for compact coherent light sources in the optical range that require single frequency operation. Single nanowire lasers have been a focus of recent scientific research due to the prospect of integration with nanophotonics [1] . Because of the small scale of nanowire devices, it is difficult to implement mode-control mechanisms that lead to single-mode operation [2] . In this work, we have demonstrated a distributed feedback mode selection in a single gallium nitride nanowire by coupling the nanowire to an external dielectric grating as shown Fig. 1a . Using a nanomanipulator to rotate a single nanowire, we achieve tuning of the spectral location of the stop-band by altering the effective periodicity of the coupled system.
Simulation
To estimate the effect of altering the alignment angle of the nanowire to the grating we performed numerical calculations using a combination of mode calculations and the transfer matrix method (TMM) [3] . First, we calculated the wavelength dependent effective indices of the GaN nanowire waveguide (we assumed circular cross section with a 200nm diameter) using a commercial mode solver from Lumerical™. Two separate calculations were performed; one with the nanowire suspended in air and another with the nanowire in contact with an infinite SiN substrate. The calculated electric field intensities of all the supported modes are shown in Fig. 1b . Second, the coupled system is modeled as a series of dielectric layers whose refractive indices are retrieved from the modal solutions. The thickness of each layer was systematically varied, mimicking the effective grating period, to predict how the spectra would evolve as a function of angular alignments. We show in Fig. 1c the resulting simulated emission spectrum for the case when a nanowire experiences the designed periodicity so that the stop band is centered in the gain bandwidth of GaN. At this alignment there is a mode suppression of more than 15dB.
Experiment
The two-step top-down fabrication of the GaN nanowires used in this work was described in [4] . The nanowires (200nm diameter and 5μm length) were placed onto a SiN grating substrate using a dry-transfer technique. We optically pumped and analyzed the emission from GaN nanowire lasers using a micro-photoluminescence (μPL) setup. The excitation pump spot size from a 266nm pulsed laser was limited to excite only one device at a time. The initial spectrum obtained from a representative nanowire, oriented so that there is no additional feedback from the grating, is shown in Fig. 2a . The spectrum shows the typical multimode behavior associated with nanowire lasers that lack mode selection. Both multi-transverse and multi-longitudinal lasing occurred in this configuration. Nanomanipulation inside an SEM was used to vary the alignment of a single nanowire with respect to the grating, followed by additional optical characterization. We oriented the nanowire, with respect to the grating, so that the designed period of the grating would be experienced by the nanowire. The spectra for this final configuration can be seen in Fig. 2b where we observed a mode suppression ratio of 17dB. Here, two neighboring longitudinal modes are shown in the results. The measured light-in light-out curves, corresponding to the two rotations in Fig. 2a&b are shown in Fig. 2c , illustrating the change in the laser threshold due to the additional reflectivity. 
Conclusions
The achievement of mode selection techniques in free-standing nanowire lasers has been difficult because of the small scale, size dispersion, and lack of well-developed placement methods for single nanowires. By externally coupling free-standing nanowires to a dielectric grating we have demonstrated a proof-of-concept distributed feedback in nanowire lasers. We controlled the spectral location of the stop-band formed by the nanowire coupled to an external dielectric grating by nanomanipulation of individual nanowires. As expected, nanowires oriented so that the stop-band lay outside of the material gain bandwidth had typical multi-mode laser emission. We achieved singlemode nanowire lasing with a mode suppression ratio of 17dB when the nanowire was oriented to align the spectral location of the stop-band to the optical gain bandwidth of GaN.
